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Introduction
Light diffraction by acoustic waves in crystals is the fundamental effect that is widely used for control of optical radiation [1] [2] [3] [4] . As known, the acousto-optic (AO) effect finds many applications in Physicals, in Optical Engineering and Information Processing, as well as in Laser
Technology, in Ecology, Medicine, Military Sciences, etc. Acousto-optic instruments (light modulators, deflectors and filters) are characterized by high quick-action, reliability, electronic control, low driving power and relatively simple design.
The commercially available acousto-optic instruments are capable of operation in visible and near IR ranges of spectrum [1] [2] [3] [4] . The majority of these instruments utilize the single crystal of paratellurite (TeO 2 ). This crystal is known for the extraordinary high value of AO figure of merit 18 2 10 1200 List of the acousto-optic materials suitable for the application in the infrared region is limited to a few crystals: TAS (Tl 3 AsSe 3 ) [7] , calomel (Hg 2 Cl 2 ), mercury bromide (Hg 2 Br 2 ) [10] [11] [12] [13] [14] [15] and tellurium (Te) [6, [15] [16] [17] [18] [19] [20] [21] [22] . The single crystal of germanium may not be applied in the imaging filters because of absence of birefringence. Moreover, only TAS and calomel crystals
have been used to demonstrate the possibility to process images in the long infrared region of spectrum [11, 12] . Calomel seems to be slightly superior to TAS due to the larger birefringence of the material. However, both materials are characterized in the infrared by relatively poor acousto-optic efficiency because their figure of merit is limited to 18 2 10 4500 [7, [10] [11] [12] , i.e. 50-100 times less than required.
In this respect, tellurium attracts particular attention of designers because of its extremely high figure of merit. According to conclusions of the references [20] [21] [22] , the figure of merit in tellurium may exceed the magnitude 18 2 10 000 500    M s 3 /g that is up to 100 times better than in TAS and calomel. However, although tellurium has been known for decades, the material has not been investigated in details, especially if the imaging acousto-optic applications are taken into the consideration. For example, the extraordinary high acousto-optic figure of merit of the material seems rather doubtful [29] [30] [31] because only once experiments with the crystal confirmed that the figure of merit of the crystal was really high [30] . However, the high value was observed not in a filter but deflector configuration of the crystal. That is why, a detailed study of tellurium single crystals and analysis of the possibility to apply the material for optical radiation control in the infrared has been one of the goals of the research program carried 
Physical properties of tellurium
Single crystal of tellurium is an element of the 6-th group in the periodic Mendeleev Table of chemical elements [3, 4, 8, 9, 24, 25] . Tellurium possesses the order number of 52. The crystal belongs to the class of crystalline materials D 3 of the trigonal system. A helical "screw" axis of the third order is the basic element of symmetry of the material. This axis is usually defined as the C-axis or Z-axis, which is exactly the optical axis of the crystal. The material also possesses 3 equivalent crystalline axes X 1 , X 2 and X 3 of the second order. These three axes are situated in the basic plane at the angles 120 0 with respect to each other. There exist two twin modifications of the crystal. According to the definitions of Schonflis, these modifications are the right (clockwise) screw modification 4 3 D and the left, i.e. the counter-clockwise screw modification 6 3 D of the material [17] [18] [19] [20] [21] [22] .
Atoms of tellurium form, with respect to the helical axis Z, some kind of spiral chains. A spatial period of each of the chains is equal to 3 atoms so that the forth atom is situated above the first one. This peculiarity of the lattice composition is illustrated in Fig. 1 . The chains are packed in a hexagonal prism. As found, the crystalline lattice does not possess a center of symmetry.
The two modifications of tellurium differ by directions of the screw orientation of the spirals.
These modifications also differ by optical activity and by shape of a line of a nuclear magnetic resonance. It should be noted that the specimens of tellurium grown in accordance with the requirements of the present Contract, belong to the left, i.e. to the counter-clockwise screw system.
Elementary cell of the crystal consists of 3 atoms. It was found that a covalent type of atomic bond is typical of the chains while the Van der Waals and, in part, the covalent bond is typical of the chains. That is why, the crystals of tellurium may be are easily cut along the planes (1010) that are parallel to the axis Z. 
where the temperature of the crystal is included in the limits T = 100-300 K . It should be pointed out that, in this Report, the coefficient c 14 is taken positive and it is relatively large. The sign "+" of the coefficient is typical only of the left modifications of the crystal while the large value of the coefficient c 14 indicates that the crystal possesses low grade of crystalline symmetry. During the research, another set of elastic constants was also considered [34] . It was obtained by averaging of all data on tellurium available in scientific literature [6, 17- In the parentheses, a mean-square discrepancy value is included. This discrepancy determined the precision of the calculations presented in the reference [34] . As seen, the difference between the two sets of values is not so noticeable. In this Report, the first set of the coefficients was used, while the previous analysis [32] [33] [34] had been based on the second set of the coefficients.
The strong anisotropy of the crystal causes the unusual physical feature of the material that the elastic limit depends on direction of application of strain. A plastic deformation that exists even at the temperatures up to T = 77 K is accompanied by appearance of various types of dislocations. It was found that best specimen of tellurium possessed density of the dislocations of the order 10 3 cm -2 . However, small strain applied to the crystal may increase the density of the dislocations up to 10 6 cm -2 . Finally, the deformations about Minimum of the conduction is observed at the transfer temperature T t . At lower temperatures, the concentration of holes is not changed, however, it begins to grow due to mobility of the carriers, i.e. the electrons. It was found that the mobility of the minority carriers in tellurium is about 2 times higher than the mobility of holes. This ratio is practically not varied with the temperature. It is evident that presence of the defects most strongly influences on the electrical properties of the most pure specimen of tellurium. The defects in the crystal decrease the mobility of the carriers and increase their concentration.
Absence of a center of inversion in the crystalline lattice of tellurium provides existence of a piezoelectric effect. Analysis demonstrates that the single crystal of tellurium is a stronger 
Acoustic wave propagation in tellurium single crystal
Acoustic properties of a crystal may be completely described by the coefficients of the elastic tensor ijkl c . The wave equation of elasto-dynamics leads to the so-called Christoffel equation [8, 9] 
where l u (l = 1,2,3) are the components of the displacement vector u . The equation (1) enables to calculate the velocities V being the "eigen values" of the Christoffel tensor 
where il  is the Kronecker symbol. Each velocity V corresponds to an eigenvector r u u  determining a displacement in the acoustic wave while r is a unit vector of polarization of the acoustic wave polarization. It is known that the three vectors r are mutually orthogonal.
Calculation of the acoustic velocities V and the polarization vectors r is not the only problem that is of importance during the analysis of the acousto-optic interaction. It is also necessary to know the group velocities V e and the walk-off angles  , i.e. the angle between phase and the group velocities of ultrasound. For each phase velocity value V, the group velocity components e i V may be found from the equation [8, 9] 
Writing down the group velocity vector as V e = V e s, where s is the ray vector of the acoustic wave, one can determine the walk-off angle
In this report, the acoustic parameters of the waves were calculated by means of a specially developed computer software. The computer program made it possible to find the phase and the group velocities of all the three acoustic waves, the walk-off angles of these modes, orientation of the polarization vector r and directions of the ray vector s in the crystal.
Basic results of the calculation will be presented and discussed below. V [1] [2] [3] [4] .
As follows from the figure, the minimum value of the acoustic velocity is observed if the acoustic wave propagates along the X axis. The phase velocity value is equal in this case to 
Photoelastic effect in the material
It is known that the photoelastic effect in a medium is described as a change of refractive indexes induced by elastic strain. If the acoustic eigenvectors u are known, one can calculate the components of the elastic deformation tensor or strain tensor S  
where
is the acoustic propagation constant,  -is the cycle frequency of sound, P a is the acoustic power and b l  is the cross-section of the acoustic beam. In the above equation, l is the acoustic beam width evaluated in the AO interaction plane. The photoelastic effect is described as variations of the non-permittivity tensor B  induced by the elastic strain S  [1, 3, 4] :
where ijkl p are the components of the photoelastic tensor p  . The matrix of the photoelastic
) of the single crystal of tellurium may be found in literature [22] .
In the calculations presented below, the following values of the coefficients have been used [22] : that totally characterizes efficiency of the acousto-optic interaction independently of the interaction length. It is just this value that has been calculated in the present research.
Acousto-optic figure of merit in tellurium
In the majority of publications devoted to analysis of the acousto-optic effect in crystals, the investigation was limited to the case of the orthogonal acousto-optic interaction when the angles 0  and 1  were close to zero. In general, this approximation is valid in such devices as modulators, deflectors and spectrum analyzers based on the orthogonal or the quasi-orthogonal geometry of the diffraction [1] [2] [3] [4] . On the contrary, the acousto-optic filters may utilize the interaction geometry characterized by the propagation angles 0  and 1  as large as dozens of degrees and in some cases even up to 90 0 [26] [27] [28] . Therefore, a more detailed analysis of the acousto-optic diffraction becomes necessary in the case of the trigonal material.
There is one more aspect that should be taken into the consideration during the analysis.
It was found that the angles 0  and 1  may not be specified independently of each other because they are coupled by the condition of phase matching [1] [2] [3] [4] . In other words, once a value of the 2) calculation of all characteristics of the optical waves, i.e. the indexes of refraction for the ordinary and extraordinary polarized rays, as well as the polarization vectors;
3) calculation of the Bragg angles of light incidence as a function of the acoustic frequency for a chosen direction of light and sound propagation; 4) calculation of the AO figure of merit for a chosen crystal cut.
The above described method of analysis required complicated analytical and routine computer calculations. In the Final report, only those results of the calculation will be discussed that are of interest for the particular application in the imaging acousto-optic cell. The calculations were carried out only for the particular regime of the anisotropic diffraction because only this type of the acousto-optic interaction is applied in the imaging filters. For simplicity, the incident light during the analysis was chosen extraordinary polarized and the optical wavelength of radiation was taken equal to mkm 6 . 10   .
Results of calculation of acousto-optic effect
On base of the carried out analysis of the acoustic slowness in the single crystal of tellurium, it was reasonable to conclude that the most interesting cases, from the point of view of the application, were related to the slow shear acoustic waves. Moreover, the analysis should be concentrated on the waves propagating in the crystalline planes including, one the one hand, the optical axis Z and, on the other hand, rotated with respect to the axis X at the angles The vector diagram corresponding to the optimal interaction geometry is shown in Fig. 11 , in which the Bragg matching condition may not be satisfied and the momentum matching vector diagram may not be drawn. In the limit points of this region, the Bragg angle reaches a minimal or a maximal value. On the contrary, the angle of diffraction at the limit points is equal to zero. It follows form data in Fig. 11 and Fig. 13 that the maximum value of the acousto-optic effect in YZ plane of tellurium are obtained in the interaction geometry that is close to the collinear diffraction when the Bragg angle is equal to that is only about 6% less than the maximum value in the YZ plane. However, in both cases, the considered interaction geometry is not the wide angle diffraction applied in the imaging filters [1] [2] [3] [4] . Consequently, the investigated regime of the anisotropic diffraction may be recommended for application only in filters for processing of collimated optical beams [26] [27] [28] . In other words, the acousto-optic interaction in YZ plane is not good for the imaging purposes.
b) Interaction in the plane X+30

0
Form the point of view of Acoustics, the plane X+30 0 possesses only minor differences with respect to the plane YZ because the acoustic slowness curve in the plane X+30 0 is mirror reflection of the curve in the plane YZ (Fig. 7) . The minimal value of the phase velocity in the plane X+30 0 is also equal to cm/s 10 05 . A more convenient geometry of the diffraction is characteristic of the case when the plane of the interaction coincides with the plane X+30 0 . In Fig. 15 , the plane X+30 0 is shown by the vertical line OA. It is evident that the acousto-optic figure of merit in this case is lower, however, a decrease in the diffraction efficiency is not so noticeable, e.g. of the order of 7.5%. The frequency dependence of the Bragg angle is similar to the dependence of the Bragg angle in the plane YZ (Fig. 13, a) . The general view of the frequency dependence M 2 (f) in Fig. 17 demonstrates no differences compared to the dependence in Fig. 13 . However, the absolute magnitudes of the figure of merit plotted in Fig. 17 are much higher than the magnitudes in Fig. 13 Fig. 18 . It is worth pointing out that this interaction geometry is very close to the collinear geometry of light difraction. Unfortunately, it was found that this diffraction regime is not suitable for the application in the wide angle tunable filters intended for processing of images.
Trade-off between figure of merit and optical propagation direction
Based on the consideration presented above, the following directions of analysis were chosen in the present research program. According to the goals of the research program, it was necessary to find an acousto-optic interaction geometry in tellurium possessing slightly lower magnitudes of the figure of merit but, nevertheless providing the wide angle diffraction regime in the crystal. Similar to the tellurium dioxide single crystal [1, 3, 4, 27] , this geometry of interaction may be found at the angles of acoustic propagation a  close to 90 0 . However, data in Fig. 14 prove that the far0off-axis cases of the interaction correspond to the large acoustic walkoff angles  . Fortunately, the acoustic walkoff angles belong only in the plane X+30 0 . This feature of the crystal is of importance since it indicates that the plane of the acousto-optic interaction should coincide with the plane X+30 0 of the material.
In Fig. 19 , the curve of the walkoff angle dependence ) ( a   , similar to that shown in The dependence of the Bragg angle on the acoustic frequency all over the examined range of the acousto-optic interaction in tellurium is presented in Fig. 22 . As for the data in Fig. 23 , they correspond to the most interesting low-frequency branch of the frequency characteristics.
The dependence of the coefficient M 2 ( f ) on the acoustic frequency is also plotted in the picture.
The picture in Fig. 23 includes the colours of the curves that are similar to those in the Fig. 17 and Consequently, this cut of the crystal may be recommended for further examination and usage.
The performed investigation demonstrated that some kind of trade-off should be taken into consideration between the diffraction efficiency and the figure of merit, on the one hand, and the direction of light propagation relatively the axis Z and the absorption of light, on the other hand. As mentioned, propagation of the infrared radiation close to the optical axis in the crystal of tellurium is accompanied by better transparency of the material, especially for the extraordinary polarized light. However this propagation corresponds to poor magnitudes of the figure of merit of the material. On the contrary, the far-off axis geometry possesses better diffraction efficiency but worse transparency. Fortunately, data in Fig. 23 prove that the wide angle interaction geometry exists in a wide variety of the incidence angles, where the second derivative of the dependence ) ( f  is equal to zero. During a design of a cell, it gives flexibility in the selection of the cut of the crystal.
Summary of results of calculations
Operation points belonging to all the examined, in this report, regimes of the acousto- photoelastic coefficients providing the anisotropic diffraction [22] . In general, the carried out analysis proves that the anisotropic acousto-optic interaction is provided in tellurium by the photoelastic coefficients belonging to the fourth, fifth and sixth lines of the matrix of the constants p ij . In particular, the absolute value of the coefficient p 41 is 2 times higher than the magnitude of the coefficient p 44 that may also be responsible for the anisotropic diffraction. It means that the figure of merit M 2 of tellurium, in which the coefficient p 41 is engaged, occurs about 4 times better than the corresponding M 2 factor, in which the coefficient p 44 is included.
There is one more aspect of the interaction that has to be taken into the consideration during a selection of the interaction geometry. It is necessary to satisfy the requirement that the acousto-optic interaction plane includes the optical axis of the birefringent crystal. This requirement is quite evident because the imaging filter must be capable of processing of twodimensional images. That is why the wide angle geometry of interaction should be satisfied in the crystal in two orthogonal planes simultaneously, i.e. along two orthogonal directions in space. It is known that the condition of the two-dimensional interaction is most easily satisfied in a birefringent material if the interaction plane includes the optical axis Z. In this respect, the non-symmetrical interaction geometry of the deflector proposed in the reference [30] may hardly be utilized in the instrument intended for the processing of images.
It is quite clear that the acousto-optic interaction geometry in the single crystal of tellurium with the far-off-axis propagation of light becomes reasonable only in specimens with good optical transparency. Consequently, the result of this investigation, to a great extent, depends on the possibility to grow the birefringent material with low absorption of the optical radiation in the long infrared region of spectrum.
Growth and characterization of tellurium specimens
According to the Program of the research, the scientific group from the A. for both the ordinary and the extraordinary polarized beams. It makes it possible to predict that transmission of a perfectly polished thin plate of tellurium at normal incidence of light is equal to about T = 40% for the ordinary wave and to T = 30% for the extraordinary polarized radiation.
On the other hand, it is evident that the Fresnel losses may be sufficiently decreased if antireflection coatings are used in a cell.
In order to evaluate quantitatively the attenuation coefficient in tellurium, the specimens were cut in form of thin plates with thickness about 0.4 cm. The plates were fabricated orthogonal to Z axis and to X or Y axes of the crystal. The measurement demonstrated that the optical radiation sent along the optical axis Z was transmitted with the relative intensity at the output of the crystal included in the limits form 20% to 30%. Consequently, the optical absorption coefficient in tellurium was equal to 1.0 -1.5 cm -1 . The Fresnel reflection and the intrinsic attenuation in the material, which additionally decreased the optical intensity to a factor of 1.3 -2.0, were taken into account during the measurement of the attenuation.
Absolutely opposite result was obtained in the case of the extraordinary polarized radiation sent along X and Y axis of the crystal. It was recorded that the total transparency of the crystal was as low as T = 0.5 -1.0 % . It means that the absorption coefficient of tellurium in this case occurs equal to 8.5 -10.0 cm -1 . The Fresnel losses resulted in the decrease of the optical intensity to about 70% while, in the material itself, the radiation was additionally attenuated to a factor of 50. These losses were considered as not tolerable for the application.
Therefore, the techniques of the crystal growth should somehow be improved. This improvement is planned for the next period of the research. Moreover, it may be expected that cooling of the crystal and application of the antireflection coatings will definitely decrease the attenuation of light.
In order to verify the conclusions of the theoretical analysis relayed to the characteristic features of the anisotropic diffraction, a prototype acousto-optic cell was fabricated in the A.F.Ioffe Institute. Operation of the cell was based on the diffraction of light by the slow shear acoustic wave propagating in the YZ plane of the crystal at the angle 0 26    with respect to the axis Y . Polarization of the acoustic wave was directed along X axis, therefore, this acoustic mode could be defined as a pure acoustic mode [8, 17] .
It should be noted that the geometry of the acousto-optic interaction corresponded to the deflector configuration of the cell and not the imaging filter configuration. This interaction is represented in Fig. 13 by the point A. The special choice of the deflector configuration instead of the filter configuration was explained by the following reasons. It was decided to characterize the crystal as a birefringent material, to verify its particular modification (left) and to determine directions (positive or negative) of the axes in the crystals. It was also necessary to check the material in the relatively simple geometry of light and sound interaction characterized by propagation of the optic waves close to the axis Z , where the optical losses of tellurium for both optical modes are low. Fig. 25 
Data in
CONCLUSIONS
The performed investigation proves that the single crystal of tellurium is one of the best materials for application in the imaging acousto-optic filters operating in the long infrared region of spectrum at the optical wavelengths mkm 12 8    . The material is superior to all other known infrared materials if the acousto-optic figure of merit is taken into consideration. The carried out theoretical investigation demonstrated that the crystal is optically and elastically anisotropic. It is characterized by a complicated character of propagation of the acoustic waves, especially along far-off-axis directions belonging to the planes that do not coincide with the basic planes of the material. As a result of the investigation, detailed information was obtained about the longitudinal and shear waves propagation in the crystal. The investigation was also concentrated on a thorough study of the photoelastic and acousto-optic properties of the material.
As a result of the analysis, geometry of light and sound interaction optimal for the application in the imaging filter was found. 
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